A picosecond ultrasonics technique has been used to detect interfacial fluorocarbon (CF,) layers as thin as 0.5 nm between aluminum and silicon. The presence of the CF, material reduces acoustic damping and heat loss from the Al film into the Si substrate. This provides a means for noninvasive identification of organic/polymeric contaminants at the buried interface and potentially for characterizing inter-facial mechanical properties.
Interfacial contamination layers often degrade, or even destroy, the performance and/or reliability of thin-film microelectronic structures. For example, electrical properties may suffer through higher contact resistance or altered energy barriers, while mechanical properties may deteriorate through adhesion failure (delamination) or ineffective thermal contact for cooling. Because such interfacial layers may be no more than a few monolayers thick, they are very difficult to detect.
We have recently developed a noninvasive techniqueld based on pulsed picosecond ultrasonics which is sensitive to ultrathin interfacial layers, demonstrated in this letter by application to fluorocarbon (CF,) residues as thin as 0.5 nm at the Al/Si interface. We chose this system because (i) such interlayers can be controllably introduced by reactive ion etching (RIE) processes, and (ii) CF, layers are a common consequence of RIE processes as practiced in manufacturing, requiring removal before contact metallization.
Conventional ultrasonic techniques have been widely used in the past for the nondestructive evolution of bonding, and detection of interfacial contamination.' However, piezoelectric transducers are generally restricted in frequency to less than-1 GHz. At a typical frequency of 10 MHz a sound wave in silicon has a wavelength on the order of 7 x 10M2 cm, making it an ineffective probe for the detection of contamination layers whose thicknesses are on the scale of angstroms. To detect layers of thickness in the range l-10 A, it is necessary to perform an ultrasonic experiment at a frequency of at least 100 GHz.
Our experiment is shown schematically in Fig. 1 . The sample consists of a thin layer of polymeric fluorocarbon (CF,) deposited onto an oxide-free Si( 100) substrate using a highly controlled reactive ion etching process.GgmThe polymer thickness was 0, 5, 20, or 100 A. Aluminum films of nominal thickness 150 or 600 A were deposited by evaporation on top of the polymer, thereby leaving the CF, as a buried layer. To generate acoustic vibrations in the Al film, light from a pulsed laser (Coherent Satori Model 774 ultrafast dye laser operating at 6320 A) was focused onto a spot of approximately 20 pm in diameter on its surface. These pulses ("pump" pulses) had a width of approximately 200 fs, repetition rate of 76 MHz, and energy per pulse of -0.5 nJ. The energy in the light pulse was initially absorbed by the electrons in the Al, and because of the very high diffusion coefficient of these electrons it is a good approximation to consider that the heating of the Al film was uniform throughout its thickness. The temperature rise of the Al was typically a few K. This sudden heating produced a thermal stress distribution in the Al film which set the film into vibration in its lowest thickness mode. The time-varying stress in the film changed the optical parameters (n and K) of the Al film,lOV1l and thereby caused a change AR(t) in the optical reflectivity of magnitude of the order of lo-'. To measure AR(t) we used a time-delayed probe pulse of energy about one tenth that of the pump pulse.
Results for samples with CF, thicknesses of 0, 5, and 20 A are shown in Fig. 2 . The Al film thickness was nominally 150 A for all three samples. The oscillatory component of AR(t) is due to the thickness vibration of the film. For a free-standing Al film of thickness d the frequency of this vibration would be v/2d, where v, is the sound velocity in Al which we takeI to be 6.4X 10' cm s-i. This gives a frequency of approximately 210 GHz for a 150 A film. The vibration of a film of the same thickness deposited on a substrate is expected to be shifted in frequency and damped by amounts which depend on the substrate's elastic properties. The damping rates of the vibrations for the samples in Fig. 2 clearly depend strongly on the thickness of the CF, layer. In Fig. 2(a) the data for the 20 A CF, sample show a weakly damped oscillation, indicating that the film vibrates almost freely. This is as expected since CF, is a very soft material and readily deforms beneath the Al film, exerting very little force against the silicon substrate. Thus very little mechanical energy is transferred to the silicon, and it remains largely trapped in the film. In Fig. 2(b) reducing the CF, thickness to 5 A is seen to lead to a much larger damping rate. In this case the mechanical isolation of the film from the substrate is much less effective. The relative compression of the polymer is much greater than in the 20 A case, and so the force it exerts on the silicon is also greater. Ultrasonic waves are therefore launched into the silicon, and this rapidly depletes the acoustic energy in the film. In Fig. 2(c of monolayer contamination can be readily detected by our technique.
There is also a contribution to AR (t) from the small (a few K) change in temperature AT(t) of the Al film (thermoreflectance), and this becomes the dominant effect over a much longer time scale as seen in Fig. 3 after the acoustic vibrations have died out. The film cools by heat conduction into the silicon substrate. The cooling rate is reduced by the interfacial layer, since this layer introduces a thermal impedance R which includes the thermal resistance of the layer itself, as well as the thermal boundary or Kapitza resistance13 R, at the interfaces between it and the Al and silicon. For this experiment it was necessary to use thick Al films (500-600 A) so that there was no optical response from light entering the silicon.
A comparison of the three cooling curves of Fig. 3 shows that even the 5 h; CF, film has a significant effect on the cooling rate, and so this provides a second method for detection of such layers. We were able to extract quantitative information about the interfacial layers as follows. We assume that for the thickest CF, sample with the thickness 100 A the cooling was governed entirely by the low thermal conductivity of the polymer. A fit to the cooling curve was made under this assumption and the thermal conductivity deduced for the CF, was 3.6~ 10e3 W cm-' K-' which agrees well with literature values. l4 For the sample with no CF, we assume that the cooling was governed by Kapitza resistance R, between Al and silicon, and we obtained the value 5 x 10m5 K W-' cm* for this resistance. This value is consistent with our expectations based on measurements of R, for other interfaces.13*'5 For the 5 and 20 A samples we have determined the total thermal impedances R to be 9.5X 10m5 and 13.3~ 10m5 K W-' cm*, respectively. The difference between these values is consistent with the bulk value for the thermal conductivity of CF, determined from the 100 A sample. The Kapitza resistance in these cases is the sum of the contributions from the AVCF, and the CFdSi interfaces. We find a value of 8.2~ lo-' K W-' cm2 which is 1.7 times the value determined for the AVSi interface. This is not surprising since the phonon spectrum of the polymer is expected to be very different from the spectra of Al and silicon.
In conclusion, we have shown that picosecond ultrasonic techniques are capable of detection of ultrathin ( ~0.5 nm) interfacial layers, at least where acoustic'and thermal mismatch is significant. Interfacial CF, layers between Al and Si are revealed through their action in reducing the damping of acoustic oscillations in the Al film and in suppressing heat loss from the 41 to the Si substrate. The method provides noninvasive detection of interfacial contaminants relevant to Si microelectronics manufacturing. At the same time, its elucidation of interface acoustic and thermal properties offers intriguing potential for the characterization of interfacial bonding and adhesion-elusive properties which often govern the reliability of microelectronic structures.
